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Abstract

In this work, we implemented the idea of current foldback protection onto a buck
converter. Current foldback protection essentially helps reduce the power dissipation which may
be caused by a short circuit or overload scenario. To achieve the goal of this project, we used a
combination of comparators, operational amplifiers and MOSFETs to create a current foldback
sub controller. This controller would then serve as a feedback device between the output of the
converter and the main controller to detect if a fault condition has occurred. Following the
design, we performed simulation of the current foldback controller using PSpice and then
physically constructed it on a breadboard. For the Buck converter part of the project, we utilized
Texas Instrument’s LM76002 Evaluation Module. Both results from simulation and hardware
testing prove that the current foldback controller design operates and meets the desired
functionalities of the project as a whole.
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Chapter 1: Introduction
The future is now, and it has been for a long time. Currently, we have technology in our
pockets that replaces many everyday items that were once used like CD players, cameras, books,
flashlights, desktop computers and phones all within the reach of our fingertips. Devices like
these are usually made from many small components that rely on energy being supplied for it to
process information in a specific way. Each individual component needs some form
of electrical power which can be separated in two categories: Alternating Current or Direct
Current. Much of today’s technology is dependent on direct current while alternating current is
used for long distance transportation of energy. Modern electronic systems require high-quality,
small, lightweight, reliable, and efficient power supplies. Before the development of power
semiconductors and allied technologies, one way to convert the voltage of a DC power supply to
a higher voltage, for low-power applications, was to convert it to AC by using a vibrator,
followed by a step-up transformer and rectifier [1]. For higher power, an electric motor would be
used to drive a generator of the desired voltages. These methods were relatively inefficient and
highly expensive. However, with the introduction of power semiconductors and integrated
circuits, new economically viable techniques became available to meet all the power
requirements that most battery powered devices need. More specifically, the technology that is
being used is called power electronics. By definition, power electronics is a technology that
enables us to convert electrical power from one form to another form in the most efficient
manner utilizing solid-state switches [2]. Power electronics encompasses the four main types of
electrical power conversion: AC to DC, AC to AC, DC to DC, and DC to AC.
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The application of power electronics is therefore not only limited to one problem,
but rather there is wide array of issues that this type of technology can solve. For example, the
simplest type of power circuit is the Rectifier which can convert single/three-phase AC voltage
to a fixed or variable DC voltage through Uncontrolled or Controlled rectifiers, respectively.
They are utilized when we need a DC source for some type of electronics. On the other
hand, they can also serve as a controller to control DC motor speed. In addition, there are
inverters circuits that do the opposite of a rectifier, they convert fixed DC voltage into a fixed or
variable AC voltage with a certain frequency. In addition to this, they are used for uninterruptible
power supplies, induction heating and speed control of AC motors. Furthermore, just as we can
convert voltages into DC or AC and vice versa, we can also convert in between both forms like
AC-AC or DC-DC. In AC-AC, a transformer is used to step up/down the voltage while on the
other hand, DC-DC only utilizes switches and an inductor to convert between high and low
voltages. DC-DC is the newer option which opened the doors for portable technology, and it is
widely used in everyday devices. The purpose is to transform energy efficiently into the desired
form for the user and this is only possible through power electronics.
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Chapter 2: Background
DC-DC converters can generally be divided into two main types based on their switching
method: hard-switching or pulse-width-modulated (PWM) converters and resonant/softswitching converters [3]. For the last three decades, the PWM DC-DC converters have been very
popular. They have been able to provide high efficiency while having the ability to achieve high
conversion ratios for both step-down and step-up applications. No matter the type of converter
one chooses to use, one can be sure that a DC-DC converter will regulate the DC output voltage
against load and line variations while reducing the AC voltage ripple on the DC output voltage
below the required level.
In essence, a switching DC-DC converter or a regulator is a circuit that uses a power
switch (such as a MOSFET), an inductor, a diode, and a capacitor to transfer energy from the
input to the output. These components can be arranged in a variety of ways to effectively
construct three of the most used type of converters: a buck, boost. or a buck-boost
converter. Looking closely at a step-down converter or better known as the Buck Converter, as
shown in Figure 2-1, we can see how in a typical buck converter the output voltage, Vout,
depends on the input voltage, Vin, and the switching duty cycle, D, of the power switch.

Figure 2-1: A Fundamental Buck Converter Topology [4]
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In practical implementation, a Buck Converter is usually designed with a simple and
standard “current limit” form of protection where the regulator or amplifier prevents the
output current from rising above a specified value, Figure 2-2.

Figure 2-2: The output characteristics of the Current Limit variant protection [5]
The issue with this form of protection is that the output current will remain constant even
when no load is present. Not only is the current constant, but it is also of a large amount which
would cause excessive power dissipation within the circuit resulting in possible damage to the
device and other loads attached to it.
The Buck converter with voltage foldback protection will allow the user
flexibility6 without worrying about exceeding limitations of the product. More electronics are in
devices than ever before and it will continue to grow; due to the increase in demand, “the design
of low power dissipation in power devices becomes more and more important” [6], more devices
will require some form of protection to not exceed its supply and to power it as efficiently
as possible .In general, over-current protection is an important factor for regulators' reliability
and performance [7]. In this project, a sensor will be implemented in a DC-DC converter
which allows automatic detection of current limit. Furthermore, the converter would then
gradually decrease the output voltage over time until it has reached a safe operation as shown
9

in Figure 2-3. This allows the device to work autonomously without any user
interference. However, the added benefit of protection results an increase in price and therefore
many converters today do not have any sort of protection against fault events.

Figure 2-3: The output characteristics of the Converter [5]
The idea of a sensor for foldback protection is not a new one because circuit failure is
expected so preventive measures are always considered when designing a DC-DC
converter. There are various reasons why regulators or converters should require some type of
current limitation. For example, the physical characteristics of the components that make up the
converter play a role of current limiting like the inductor. Since the core of the inductor is
metallic, it will have limitations when it is saturated which will cause the inductance to drop
dramatically and have a high di/dt that can lead to more damage to the converter [8]. Another
example would be the actual wiring that is used, if it exceeds its current limitations then that will
lead to unwarranted heat that can further damage the system or cause fires. Introducing the
foldback protection would eliminate these complications that will lead to drawback.
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There are two main distinctions that first must be made before adding in the circuit for
current limitation. When a fault has occurred the foldback sensor would need to differentiate
between short circuit and overloaded conditions. This is important because that would determine
how much current is being delivered to the load. If the load is shorted, then that would mean we
would want minimal amount of current being sourced as shown in Figure 2-4. Secondly, if
the load is overloaded or saturated then the load will be experiencing the maximum amount of
current that can cause damage to the component itself or the converter. Therefore, the
sensor must know whether the load is in either state when we experience a circuit failure and to
act accordingly.

Figure 2-4: Current Foldback limiting [6]
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Figure 2-5: Shorted Converter [6]
Figure 2-5 illustrates the issue with the overload condition. Under such condition, the
converter will experience high power dissipation that would lead to excessive heat if an overload
condition occurred. This is like a brick wall current limit profile as depicted by the top converter
in Figure 2-5. For the bottom converter in Figure 2-5, we see the circuit with a foldback
condition with power dissipation three times lower than without protection. This shows that a
buck converter with current limiting drastically decreases power being drawn and with minimal
amount of current that will allow the converter to operate safely again with no issues.
Hirofumi Matsu et. al. was some of the many that have tried implementing and improving
this method of current liming to protect against power dissipation. In their article “Analysis of
12

the Dynamic Characteristics in the Overcurrent Limited Mode of the DC-DC
Converter”, they argue that “the stability in the overcurrent limited rise and the transient
response from the load point in the constant voltage regulated mode, to that in the current
limited one can be improved sufficiently by employing relatively large DC voltage gain and by
adjusting appropriately the rate time and reset time in the derivatives and integral compensators
respectively” [9]. Therefore, our goal for this project is not proposing a new design or method,
but rather improving the idea of current foldback protection by implementing a current feedback
sensor circuit to help protect the system from any overload conditions.
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Chapter 3: Design Requirements

Figure 3-1: Block Diagram Level 0

Figure 3-1 illustrates the entire system at the simplest degree. The buck converter will
take in some unregulated input voltage ranging from 12-24V and will have a steady output
of 3.3 V with an output current of 2.5A. The other aspects of the DC-DC converter like
efficiency, load/line regulation, peak to peak output ripple and the maximum output power of the
converter will not be the given design constraints for this project since we will be
using a commercially available DC-DC converter module which includes the main controller for
the switch. More specifically, the focus of this project is to design a separate system that will act
as another sub controller added to the provided pre-made DC-DC converter module. The
function of this separate sub-controller is to utilize a sensor for measuring the output current and
detecting whether a short circuit or an overload condition has occurred.
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Figure 3-2: Level 1 Block diagram

Figure 3-2 depicts a level 1 block diagram which shows the main stages that the proposed
current foldback sensor. As shown in the figure, the sensor aims to achieve a desired voltage to
input to the main controller to adjust the duty cycle for the converter.

Figure 3-3: Flowchart of the Current Foldback Sensor
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Once a short circuit has been detected, the sensor will then inject the new voltage into the
main controller which will adjust the duty cycle. This is achieved by comparing our output
current to the reference current as shown in the flowchart of Figure 3-3, the sensor then will
output a certain voltage level needed to get the system back in steady state. However, the
sensor will continue to read the output current and adjust little by little to achieve steady state. In
addition, if the converter encounters an overload condition where the current exceeds the limit,
then the main controller will force the converter to shut down to protect from further damage to
the load or power stage itself.

Another important design requirement will be the sensing technique that will provide the
necessary info into the controller to produce a new duty cycle. This in turn will adjust the output
voltage. We will investigate and test several methods that can achieve this goal.

Lastly, in implementing the proposed additional sensor on the provided DC-DC converter
module, the physical circuit may be added onto the board of the module itself if space allows or
by placing the sensor circuitry on a separate board that will be connected to the module. Table 31 summarizes the parameters for the proposed sensor.
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Table 3-1: List of parameters needed.
Parameter

Specification

Input Voltage of DC-DC Converter Module

A DC input range varying from 12-24V

Output Voltage of DC-DC Converter Module

A constant DC output of 3.3V

Output Current of DC-DC Converter Module

A constant DC output of 2.5A

High Current Condition

Overload protection will be enabled if
output voltage drops by 10% percent at a
specific load

Low Current Condition

Short Circuit protection will be enabled if the
output voltage is zero or if the output current is
above our reference low current which indicates
a short has occurred.
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Chapter 4: Design and Simulation Results
To achieve a current foldback type profile is possible by using standard electronics and
incorporating some digital logic. The solution we have found is by adding an external sub
controller that is composed of a feedback loop which will monitor the current and voltage values
at the output and react accordingly to prevent possible damage to either the load or internal
components of the power stage. Using a sub controller to limit the current is not a new idea, but
there are many variations that can be done to achieve the result of a foldback. Our solution
involves a similar approach to past technology that incorporated the same type of protection
which includes an assembly line approach. By using a current sensor at the output, we
could essentially compare the measured value to an ideal reference which will figure
out whether the second stage is activated. If the second stage is activated, the sub controller
will introduce a linearly increasing voltage at the feedback pin of the main controller to
decrease the operating duty cycle and as a result will decrease or “fold back” both output current
and voltage. This method may also be referred to as a current programmed pulse width converter
since the current sensor will ultimately be responsible for determining when the duty cycle
should decrease [10].
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Figure 4-1: Level 1 block diagram of the external controller

As shown in Figure 4-1, we have a cascade of components that once activated, the short
circuit protection circuit will allow the system to operate at a safe and reliable range with
no potential damage caused. This type of process can be referred toward more of an assembly
type where we are comparing our current value to a reference. The reason why comparators are
chosen is because it allows digital logic to be introduced and we want our controller to be able to
respond or trigger once the current limit has been measured.
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Figure 4-2: Voltage Foldback with updated values

In Figure 2, the values shown correspond to the actual characteristics of our DC-DC
converter that we will be testing on. In order to design our external voltage foldback sensor,
we obtained a premade evaluation model LM76002 provided by Texas Instruments which
will be beneficial to this project by allowing us to focus on making the external controller.
Furthermore, given the fixed values of the evaluation module that contains the converter, it
makes it easier so that we can design our foldback controller specifically for those rated values in
the given data sheet. The current limit that will activate the foldback protection is above 2.5A
which is the maximum load current for the LM76002; once triggered the output current will
gradually decrease to a safe operating point of 0.5A.
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Figure 4-3: Schematic of the voltage foldback controller w/ DC-DC converter on top
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Shown in Figure 4-3, the LM76002 buck controller is used to output a nominal 3.3V
from 24V with a current limit of 2.6A. Right below the LM76002 is the external circuit of the
DC-DC converter which is the voltage foldback controller. Although we are folding back voltage
and current, our external circuit only relies on the measurement of current since the output of a
buck converter remains regulated at 3.3V. We take our current measurement right
below the load. The value of the current is then translated into digital logic using comparators
and a peak detector which will be triggered once we reach the current limit and output a low
voltage which is also referred to as LOW in digital logic. This minimal voltage would then turn
on the PMOS MOSFET that will activate our protection circuit that will introduce voltage to the
feedback pin and decrease our overall duty cycle. If the duty cycle decreases, then the output
voltage and current would decrease and since “ideally the output of a peak detector circuit holds
its maximum value even as the input decreases” [11], the duty cycle will decrease gradually
providing the foldback curve in the I-V plot shown in Figure 4-2.

Figure 4-4: Output Voltage (red) and current (purple) output w/ 1.32 Ohm load
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Figure 4-5: Output Voltage and Output Current with 2 Ohm Load

Figure 4-6: Output Voltage and Output Current with 1 Ohm Load

In Figures 4-4 to 4-6, we changed the resistance of the load in order to see the effects
on the outputs. Figure 4-4 shows that for a 1.32 Ohm load, our converter is operating just at its
limit with 3.3V and 2.5 Amps. In Figure 4-5 for a 2 Ohm load, our converter is
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underloaded with a lower current at 1.56 A while the voltage remains unchanged. Lastly,
in Figure 4-6 for a 1 Ohm load, our converter is overloaded and begins to foldback the voltage
and current gradually.

Figure 4-7: Simulation Results with 0.5 Ohm Load

In the simulation results of Figure 4-6, “the allowable current (purple) then "folds back"
as the output voltage falls due to increasing overload, until it reaches some much lower value”
[12]. Our circuit then starts reading the change (cyan) and it then triggers the peak detector
(orange) which is then powering on the NMOS MOSFET by introducing a high voltage
(green). Once the PMOS is turned on, the output of our protection circuit introduces
voltage (pink) back into the feedback pin of our main controller and starts to decrease the output
voltage and current gradually (red & purple respectively). The peak detector
output remains high which allows the protection circuit to continue operating until it is
reset manually by turning it off and on again.
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Figure 4-8: Output Voltage vs. Output Current

In Figure 4-7 shows the output voltage versus the output current seen at the load. In this
case, the short circuit current exceeds our limit of 2.6A and starts to decrease gradually over
time. The only issue is that the current folds back to zero instead of stopping on a value like 0.5A
as we proposed. The voltage behaves as expected although it is not shown, but if the system is
operating normally then the output will be a constant up until we pass the current limit and start
entering the foldback which will decrease the voltage proportional to current.
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Chapter 5: Hardware Test and Results
An evaluation module from Texas Instruments, LM76002, was obtained in order to test
the external sub-controller that was designed for voltage foldback protection. The way the
hardware will be tested is by having two separate systems, the module from TI and a breadboard
circuit that will contain the external sub-controller. The procedure would have involved the
fabrication of the voltage foldback circuit but due to limited access to labs on campus because of
COVID-19, the circuit will be made on a breadboard for the ease of examining. So as to
achieve a complete setup for hardware testing, certain lab equipment will be needed which
includes an oscilloscope, DC power supply, electronic load, reflow station, soldering
station, prototype board, and multimeters.
The output of the evaluation module is then connected to our load that will be on a
breadboard. The same board that the voltage foldback controller will be on. The input of the
VFC will use a current sense resistor that is attached to the load and will measure the
current across it. The VFC is composed of passive and active elements including variable
resistors, capacitors, MOSFETs, diodes, comparators, and operational amplifiers. Table 5-1 (in
the Appendix) lists the bill of materials for this project.
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Figure 5-1: Block diagram of the lab test setup

Figure 5-1 shows the basic diagram of the test setup which is used to assess various loads
and conditions. For example, when we have a load of 1.32 Ohms. The converter should be
operating at its limit meaning that it will output the constant 3.3V at 2.5A while the limit is 2.6A.
This is to ensure that the device will be operational up until we pass the current limit. In addition,
using a load of 1 Ohm will put the converter past its limit which will trigger our sub-controller
that will begin to decrease the voltage and current gradually. To confirm that our voltage
foldback circuit is working, we will be using a multimeter that will record the feedback voltage
for the main controller, LM76002. Furthermore, the load of 2 Ohms will produce an underload
condition where the output voltage is still 3.3V but the load current is now below the normal
range of 2A. Testing an underload condition will help us determine if the entire system is
functional under any load and to see if any damage occurred that we may not be aware of.
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Shown in Figure 5-2 is the actual hardware test set up to apply the different conditions of
the load. The circuit on the breadboard is our voltage foldback sub controller, while the main
DC-DC converter is already fabricated on an evaluation board while using two multimeters to
measure the current and voltage, respectively. The results of our measurements are shown in
table 5-2 which include the output voltage, output current and feedback voltage that is being
reintroduced to the main controller.

Figure 5-2: Physical hardware test set up.
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Table 5-1: Output Current, Output Voltage, and Feedback voltage
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Figure 5-3: Output voltage vs output current

Figure 5-4: Output Voltage vs Feedback Voltage
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Using the data collected in Table 5-2, the plot in Figure 5-3 is made to view the
relationship between the output voltage versus the output current across the load. Compared to
the simulation results, our actual data aligned with what we expected. However, the output
voltage was not the desired value of 3.3V but it was a constant voltage. The reason for this
decrease in output voltage could be due to the load we used or the need for adjusting the
feedback resistor. Since the load was made up of 4 separate components in order to have a value
of 0.6 Ohms, this causes a large output current spike. This in turn would trigger the short circuit
condition where the voltage and current decreases linearly and gradually which is similar to what
was simulated in the previous chapter.

Figure 5-4 shows the output voltage versus the feedback voltage. The feedback voltage
refers to the FB pin of the LM76002 controller which influences the duty cycle. By introducing
voltage to the feedback pin, we are effectively decreasing the duty cycle which in turn decreased
both current and voltage as shown in the plot. As the feedback voltage increases, the output
voltage decreases proportionally as well. Furthermore, the results obtained through the hardware
testing aligns closely with those obtained from the simulation. The operation of our circuit
follows the methodology of a voltage foldback controller with a few minor differences.
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Chapter 6: Conclusion
This project explored the design, simulation, and hardware testing of a current foldback
sensor circuit on a buck converter. As a whole, the main goal of this project was to implement
the idea of current foldback protection on a DC-DC converter to help protect the system from
large amounts of current that can easily create excessive power dissipation resulting in possible
damage to the device itself and loads connected to it.
Using commercially available evaluation board module (EVM) for the buck
converter and a combination of Operational Amplifiers, Comparators and MOSFET’s, we came
up with a design that successfully solved the initially stated problem. Our proposed
design worked as expected in simulation under every load conditions. These include
nominal load, overloaded and short circuit conditions. When the output of the buck
converter operates at an acceptable load, the converter would continue operating normally with
an output voltage of 3.3V and a certain current in accordance with the load. Furthermore, at a
certain load condition which caused the output current to go above the 2.5A converter limit, the
implemented current foldback sensing circuit would detect this current and shut down the system
by feeding a linear voltage onto the feedback pin of the converters controller. This injected linear
voltage would cause the duty cycle of the converter to decrease, essentially decreasing both the
output voltage and output current.

Hardware test results from the physical construction of the design agreed with what were
obtained from the simulation. We were able to observe the converter operating properly at
suitable loads and when a small enough load was connected to cause an overload, the current
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foldback sensing circuit was able to detect the high current demand and would shut down the
converter such that no components would overheat.

Although the constructed current foldback design operated as expected, we encountered
difficulties in obtaining the converter’s output voltage and current values. This is mainly due to
the limited access (caused by the pandemic) to lab equipment such as oscilloscope and better
digital multimeters that can perform more accurate measurements than the ones we used at
home. Overall, our design for the project proved to be successful in demonstrating the ability to
perform current foldback function which is crucial in providing safe operation of DC-DC
converters.
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Appendix
Final Schematic

Figure A-1: Final schematic design
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Timeline of Tasks and Milestones

Figure B-1: Timeline for Winter quarter 2020

Figure B-2: Timeline for Spring quarter 2021
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Bill of Materials
Table C-1: Bill of Materials
Count

RefDes

Value

Description

Part Number

Manufacturer

Per Unit
Cost $

3

Rs

1

Rl

3

OPA2241

0.01 Ohm

38

Ohmite

1.01

-

Yohii

8.99

Texas Instruments

6.19

25W

5 pcs

-

Op Amp

OPA2241PA

Linear

LM2931AT-

Regulator

5.0/NOPB

LM2931

4

TLV3701

-

1

IRF940N

-

LM76002

615HRD10E

Load resistor

Vo = 5V

1

Resistor

2 Ohm

Vin > 5
10

Current Sense

-

Analog
Comparator
PMOS/NMOS
kit 50pcs

Texas
1.238
Instruments

TLV3701IP

Texas Instruments

1.71

IRF940N

Bojack

16.99

Evaluation

LM7602EVM-

board

500K

Texas
58.8
Instruments
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Advisor’s Name: Dr. Taufik
Advisor’s Initials: T
Date: 06/06/21
• Summary of Functional Requirements
The project capabilities are dependent on the application of power electronics which
assist in the transfer or manipulation of energy. There are various methods of how this can be
achieved, but for this project, we are concentrated on the DC-DC converter which will take an
input of 5V or higher and will step down or buck the voltage to 3.3V with a maximum current
limit of 2.5A. However, our project is interested in an external controller circuit that is not part of
the converter itself. The external sub-controller serves as a voltage foldback protection, meaning
that if the load from the converter experienced a fault condition like a short circuit, then the subcontroller will be triggered to decrease the output voltage and current across the load. The
decrease is gradual and linear until the output voltage reaches zero at a low current. The purpose
of the project is to minimize power dissipation across the load when an error occurred.
Otherwise, the constant voltage and current would damage the internal components and
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potentially be a fire hazard. Our project prevents those scenarios by taking the necessary actions
when a fault is detected.
• Primary Constraints
The primary challenges associated with the project or implementation were dependent on
the specifications of the DC-DC converter itself with a main controller. The approach to finding
a suitable converter was not that difficult but where issues occurred is when we tried to simulate
the system. For example, the initial design involved a simulation test. However, many converters
that were reviewed did not contain the important files for a macro-model of the circuit. Since we
were focused on the design of a protection circuit, we needed a pre-built design which was
possible through Texas Instruments. In addition, the digital logic that was used to determine if a
condition arose or not was difficult, this was partly due to the fact that we only had analog
components and making digital logic out of them proved to be an issue. This is because the
digital levels we wanted were not at the correct values which was attributed to how the subcontroller was design. We went through four possible designs until we achieved stable logic.
Furthermore, cost was another factor when trying to find the different options for components.
Some alternatives that were considered for the design of the external foldback controller were
too expensive and finding an affordable part that we needed was very difficult. It took at least
two weeks to finally have a topology that included affordable components which composed of
comparators, op amps and mosfets.
• Economic
The impacts that the project would have on the economic scale is dependent on the
human capital, financial capital, manufactured capital and the natural capital. For example, the
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human capital would be the most important aspect since the design of the project is dependent on
the skills and knowledge possessed by the individual. The value that human capital brings to the
organization or company will is the most important aspect since the person will be able to fix any
problem that might have arose during the lifecycle. Next, the manufactured or real capital will
have the second most significant since equipment will be needed to fabricate and test the system.
Even software is very important because of the general availability to computer aided design
which is mandatory for any type of simulation. In addition, the financial capital will be the most
difficult in acquiring liquid assets in order to fund the project. However, the monetary value is
currently defined by Texas Instruments who are responsible for the procurement of components
and evaluation module. There is a limit to the amount of spending so this is where researching
for affordable alternatives comes to light. Moreover, the natural capital is often overlooked but is
essential in the production of components and equipment. The resources used for the fabrication
has a substantial impact on our ecosystem, that is why sustainability plays a huge role in
minimizing the amount of unusable scrap and helping reduce the change in climate due to
unnatural procedures.
The costs start to accrue when obtaining the components that are used. Since the
evaluation module from Texas Instruments was already made, additional components were not
needed. The voltage foldback controller required a shunt resistor, op amps, comparators and
mosfets that were all inexpensive. The benefits of using these parts were no different than the
alternatives because they offered the same characteristics but at higher power consumption.
Given that the project focused on low power applications, the need for resistance of high power
was not necessary.
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The inputs that the experiment requires is solely the output of the pre-made converter
across a shunt resistor to measure the load current. Although the system will need to be powered
on with an external supply of 5V which 9V batteries were stepped down using a voltage
regulator for a stable source. Additional cost was needed for development which were for the
equipment that was composed of a power supply, multimeter, breadboard, soldering iron and an
oscilloscope for specific measurements. However, most of the equipment was already on hand
from previous projects while the power supply was required and was considered for the costs.
The original estimated cost of the project was $200 which Texas Instruments will cover. The
final costs did sum up to $200 but that was due to the necessity of the power supply, otherwise
the costs would have been under $150.
The earnings of the project are currently unknown, but it has the potential to make
perpetual profit especially under the supervision of Texas Instruments who focus on the
manufacturing and design of semiconductor devices. The implementation of the protection
circuit also adds undetermined value to the company since power consumption is a fundamental
topic in the world of power electronics.
Products would emerge if Texas Instruments deemed this protection circuit to be essential
or profitable in the long run. The products can exist for as long as the lifecycle of the main power
stage which could be around 5 years, the voltage foldback controller could potentially increase
the life by up to 2 years by reducing the excessive power that is normally used when a fault
condition is encountered. The maintenance would depend on what roles Texas Instruments
would hire for this, which could include teams for testing, building and innovation. Once the
product is finished then it would require zero maintenance for it to function in the real world.
The original development time that followed a Gantt was 6 months and the actual development
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time aligned exactly like the estimation. It took 6 months to have a finished product from start to
finish. After the end of the project, Texas Instruments will have the authority if they want to
continue and integrate this technology with existing products or if there is still more restructuring
to be done.
• If manufactured on a commercial basis:
Depending on how Texas Instruments would integrate the voltage foldback controller
into their current products would give us a rough estimate of the potential sales that could be
made. For example, the protection circuit can be implemented to any converter that requires a
constant output power, the voltage foldback controller adds the benefit of short circuit protection
which has no limit on what types of devices is compatible. Knowing that T.I. has over 80000
unique parts, an estimated number of devices that can potentially be sold every year would be
10000.
The estimated manufacturing cost can depend on if the customer wants to purchase the
protection circuit independently which could range from $30-70 while a customer that wanted a
complete converter with the protection benefit could cost more than $100 depending on if they
are using it for high or low-power applications. The estimation of the cost includes the price of
the components, fabrication costs, transportation and packaging.
At most, the estimated purchase price for each device should be $60-140 for an already
existing project or if the customer wanted to buy a converter with the device implemented then it
could cost around $200 depending on if its high or low power. The estimated profit per year if
customers only purchased the independent protection circuit would be $300,000 for 10000 units.
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The estimated cost for the user to operate the device would depend on the applications, like low
and high-power.
• Environmental
The methodologies associated with manufacturing or use occur at the fabrication of
components that include plastics, ceramics, metals and semiconductor material. The most
impactful of them all is the plastics that is used for the enclosures, packaging and other miniscule
items that are not necessary. The plastic material will be the most harmful because of its
properties that prevent it from decaying and polluting the environment. In addition, the process
of making semiconductor devices produces a lot of by product that is released which can affect
the surrounding wildlife, ecosystem, and air.
The project indirectly uses natural resources that are required for the manufacturing of
components and the board that they will be populated on. The project does harm the ecosystem
with its fabrication processes. The most harmful to the environment would be the plastics used
because of their resistant properties to breakdown, therefore the minimization of components
used will help prevent further pollution. However, our project also tries to improve on that since
the nature of it is to protect the circuit from further damage when a fault condition is
encountered, which would increase the lifecycle of the product and possibly reduced that amount
of waste that is harmful to the planet. Wildlife can still be affected if development of facilities
and buildings required produced toxic waste. Depending on the surrounding wildlife, this could
lead to their extinction if it impedes their natural way of living. Therefore, even the location of
the facility or building is just as important as preventing waste.
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• Manufacturability
The project relies mostly on insourced components from Texas Instruments that will
make up the voltage foldback controller. The challenges associated with manufacturing will be to
fabricate the printed circuit board of the controller and populated it with the parts obtained.
Usually this is done automatically but that can prove to be another challenge if the customer
wants a specific converter with the protection circuit already implemented since this will
introduce more elements that takes more time to develop.
• Sustainability
One challenge associated with maintaining the completed system is space. The more
components needed, the more area and volume is required which means more material that could
potentially go to waste after the lifecycle of the project. The sustainable use of Earth’s resources
is impacted by the production of components, like semiconductor devices made of silicon,
printed circuit boards, inductors, metals, plastics and much more that can ultimately have a
negative effect on the sustainability in the long run.
In order to participate in sustainable activities, the most important improvement or
upgrade that can be done to the project is finding more efficient ways to change the design by
reducing the components needed. For example, choosing an alternative design with less required
parts will allow for less material to be used which would be beneficial to the environment and
resources available. Another enhancement is changing the overall design to compensate for
smaller components, because since space is the biggest challenge. Having smaller parts would
reduce the need for larger enclosures and boards. However, the issue that is introduced with
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smaller components is the capability to handle higher power dissipation which will be more
expensive and depending on the budget, it could be a limitation and be harder to make a profit.
• Ethical
Following the ethical guidelines provided by IEEE, the implications of the project align
with the code of ethics as shown.
IEEE Code of Ethics I: To uphold the highest standards of integrity, responsible behavior, and
ethical conduct in professional activities.
By communicating the entirety of the project contents, we are striving for the safety,
health, and welfare of the public by including factors that could potential be dangerous to the
user or the environment. By helping the individual understand the capabilities of the project, we
hope to avoid any real or perceived conflicts that can be reckless. Additionally, criticism is
welcomed in case there are errors that need to be corrected, as well as to improve the design in
ways that will help with sustainability of resources.
• Health and Safety
The concerns regarding health and safety associated with the design is attributed to the
material the parts are composed of. Silicon and plastics will be the most hazardous given enough
time. The operation of the device is safe and reliable because since our project is concerned with
power dissipation, the potential jeopardy of fire is very miniscule. Unless the project itself failed,
then there could be a conflict that leads to an accident. In order to prevent any failures, it is
recommended that the device is operated in low power or well below the current limit.
Furthermore, since the device deals with electricity, there is also another threat regarding the
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static electric discharge which could lead to failures and potential hazards, so the user will have
to make sure that the project/device is properly connected to ground.

• Social and Political
The social and political issues that arise with the project is the initial manufacturing of
said components. The byproduct or waste because of the fabrication is big issue because not only
does it affect the surrounding environment and wildlife, but it affects any society that lives near
it as well. The gases and toxins released will have a detrimental effect on the quality of air and be
a stimulant for global warming. That is why laws would need to be put in place so that the
limitations of mass production will not interfere with the future of the planet; studies would also
need to be made to see how the production of these devices harm the surrounding wildlife.
The project would impact the energy industry by helping power systems be safer by
reducing the power consumption during a fault and it will also help increase the lifecycle of the
device since health and safety go hand in hand. The direct stakeholders would most likely be
employees of the company or individuals who follow the production closely while indirect
stakeholders would be those who only care about the finished design and most likely researching
competitors as well. The project could harm those indirect stakeholders because the benefits of
the device would not start to show profit until enough time has been given. Over time, the profits
will start to show by increasing the lifecycle of the device and this will mostly benefit the direct
stakeholders who are more aware of the implications this product can have. Therefore, the
stakeholders would benefit unequally because the project is a long-term investment rather than a
short-term solution. Depending on where the stake holders are located, the connections made or
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the resources they have can benefit their positions by giving more access to information that a
person would not normally be able to obtain.

• Development
Due to not having access to certain equipment that is provided on campus of Cal Poly,
new tools were used for the development of the project. First, the Texas Instrument new
simulation program was utilized which is called, TINA-TI. The reason to use the computer aided
program by TI was because it contained the library with most of their device profiles which was
used to simulate different macro-model circuits. The program allowed for an easier experience
by being able to examine different components that were considered, as well as to compare
alternatives like op-amps, comparators and controllers. Once the design was formalized, the
components were easy to order since they were mostly from TI.
During the hardware analysis, new tools were used to set up the testing apparatus. For
example, a reflow station was employed to de-solder specific components that were already
populated on the evaluation module. We then connected the evaluation module to an external
breadboard circuit that contained the voltage foldback controller. Since an oscilloscope was not
available, we had to figure out ways to test the operation of the entire system using 9V batteries
with regulators and two multimeters which measured the effect on the load current and voltage.
The load was made up of multiple 2 Ohm resistors in parallel or series in order to witness the
load and line regulation at different inputs. In the beginning, the resistors used were not capable
of handling the current and were blowing out, due to this we had to obtain specific resistors that
were rated at a high wattage like 25W or above to minimize any errors during the testing.
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